ABSTRACT This paper presents a novel four ports double Y-shaped photonic crystals circulator with ultra-wide bandwidth in 5G millimeter wave band. Its insertion loss can be designed as low as 0.38 dB at 26.10 GHz while its optimal isolation is up to 74.86 dB at 25.00 GHz. The circulator keeps its isolation above 20 dB from 21.80 to 29.04 GHz. Our simulations also show the relative bandwidth can be effectively broadened to be 28.48% through adding an impedance matching transformer composed of four triangular metal pedestals. We confirmed our theoretical results with a circulator sample made of a triangular-lattice Al 2 O 3 ceramic rod array and ferrite posts. The minimal measured isolation and insertion loss have reach 47.61 dB and 0.80 dB at 25.55 GHz and 26.10 GHz, respectively. The operating spectral region of our sample covers from 24.08 to 28.23 GHz (the relative bandwidth is 15.87%), which is about seven times higher than the best simulated result of 2.5% and fifteen times higher than 1.07%, the published experimental value. Our experimental results are well matched with the numerical simulations. The low loss, high isolation and ultrawideband characteristics demonstrate that our photonic crystal circulator has potential applications in 5G communication systems.
I. INTRODUCTION
Usually circulators are nonreciprocal devices used in communication systems. They isolate multiple reflections between elements or modules, thereby ameliorate tolerance for manufacturing defects and environmental fluctuations [1] - [4] , especially, as duplexers in radar communication system [5] - [8] .
Photonic crystals (PCs) have attracted considerable attention due to their abilities to control photonic motions [9] , [10] . Their high integration makes them be one of the promising candidates for the future optical communications. Because
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of their unique photonic band gap (PBG) and photonic localization, PCs can be used to develop circulators for high density optical integration. In recent years, PCs circulators have been vigorously studied due to their great flexibilities in the designs [11] - [16] . In the optical frequency band, a three-port ''windmill'' shaped PCs circulator was first proposed and designed by introducing air hole array in bismuth iron garnet (BIG), whose bandwidth for 30 dB isolation at 1550 nm is estimated to be 12.6 GHz [11] . A type of carefully designed magneto-photonic crystals (MPC) cavity was carefully designed to realize a W-shaped circulator with optimal isolation of 40 dB also at 1550 nm band, but this circulator's relative bandwidth is only about 0.05% [12] . In engineering, bandwidth is usually as important as the isolation and VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ insertion loss for circulators. However, all the bandwidths of the reported MPC circulators above are all less than 0.1%. A magnetically tunable circulator with high isolation of 65.2 dB is designed at 0.2 THz by using two-dimensional (2-D) rods array [13] , which has its relative bandwidth up to about 2.5%. For microwave and photon communication system, a Y-shaped [14] and a cross-shaped [15] MPC circulators also encounter with narrow bandwidth in X-band. From above, it is evident that PCs have great flexibilities in the design of circulators at some different frequency bands, but fail to provide broad bandwidth for MPC circulators until now.
As we know, 5G communication devices and systems have drawn considerable attention and been widely studied due to the advantages of high rate and wide bandwidth [17] - [23] . The 5G millimeter wave communication network right now will work within the range from 24 to 28 GHz in the majority of countries and region in the world, e.g. America (27.5∼28.35 GHz), China (24.75∼27.5 GHz), Europe (24.25∼27.5 GHz), Japan (28 GHz), Korea (28 GHz) and Australia (26 GHz) . Accordingly, to develop MPC circulators with broad bandwidth is very interesting at 5G frequency region, in spite of great challenge.
In this paper, a novel four ports double Y-shaped MPC circulator with ultra-wideband is proposed based on gyromagnetic ferrite posts and the numerical optimization of photonic crystal waveguide (PCW), and first fabricated in 5G millimeter waveband. Through the numerical simulation on the relationship between the transmission efficiency of the PCW with its size in three-dimensional (3-D) model, the optimal PCW structure with high transmission efficiency 90.78% is designed and validated at K-Ka band. With the high transmission PCW, the measured insertion loss of the MPC circulator can greatly reduce to 0.80 dB at the central frequency 26.10 GHz in corresponding experiments here. Through combining the band broadening technique of waveguide circulator with the PCs circulator technology, our circulator sample has a wide bandwidth from 24.08 to 28.23 GHz (the relative bandwidth is 15.87%), which is about seven times higher than the best simulated result of 2.5% in [13] and fifteen times higher than the experimental result of 1.07% in [14] . The low loss and easy integration demonstrate that the designed scheme of our MPC circulator not only can reduce light intensity to avoid nonlinear effect for integrated optical circuit if in optical waveband, but also has potential applications in 5G communication systems due to its ultrawideband characteristic at 24 to 28 GHz band.
II. NUMERICAL CALCULATION RESULTS

A. DESIGN OF DOUBLE Y-SHAPED MPC CIRCULATOR
As shown in Fig. 1 , our MPC circulator consist of PCW, which includes a pair of the rhombic metal waveguide (blue) to fix the 2-dimentional (2-D) triangle lattice photonic crystals (TLPCs) (white). There are four ports at the centers of the four sides of rhombic PCW, which connect with the four ends of the double Y-shaped passage. There are 4 Ni-Zn ferrite posts (red) in our MPC circulator, where each two ferrites are situated at the central position of the two junctions in the double Y-shaped passage. The detail diagrams in the upper right and lower right corner of Fig. 1 show that the two ferrite posts distributed up and down in each ferrite area. In order to distinguish the tiny distance of the upper and lower ferrite posts, we make a transparent display of the upper post. Here, in order for the external matching broadening method (EMBM) [24] , [25] , every ferrite post is equipped with a triangular metal pedestal to realize impedance matching, which is widely used for the band broadening of waveguide circulators. The ferrite post driven by an external magnetic field not only acts as a resonant cavity, but also supplies the needed degree Faraday rotation. The radius and height of the ferrite posts are designed by equation 5 in section C, which depend on the operating frequency of the circulator. Four flange interfaces are set at the four ports for convenience to connect with the test equipment.
B. HIGH TRANSMISSION PCW WITH ULTRA-WIDE PBG
In order to realize the ultra-wideband MPC circulator with low insertion loss, a high transmission PCW with ultra-wide PBG is needed to design firstly. Through the numerical simulation on the relationship between the transmission efficiency of the PCW with its size in 3-D model, the optimal PCW structure is designed in this section and the construction is shown in Fig. 2 .
As shown in Fig. 2 (a), our PCW includes two TLPCs formed by Al 2 O 3 ceramic rods arrays, which are fixed with the upper and lower metal plates. The distance of the two arrays is marked by the width w, as shown in Fig. 2(b) . The lattice constant A of the TLPCs is 3.5 mm, while the radius r 0 and permittivity of the Al 2 O 3 rods are 1 mm and 9.2, respectively. There are four flange interfaces at the centers of the four sides of the PCW, including ports 1 and 3 which are used to measure the transmission efficiency of the PCW, while the other two ports 2 and 4 are used to measure the reflection coefficient of the TLPCs. The ceramic rod arrays positioned with high accuracy allows the TLPCs to guarantee the PBG characteristics. Theoretically, the PBG of the PCs determines the frequency of the electromagnetic waves that can be transmitted in the PCW. We confirm the PBG by analyzing the band structure of the TLPCs, which is formed by Al 2 O 3 rods without any defect. With the mentioned parameters of the TLPCs above, its band structure is calculated by plane wave expansion method. In Fig. 3 , the broad PBG is only for TE modes with its normalized frequency from 0.267 (2πc/A) to 0.364 (2πc/A), where c is the speed of the light. When the distance A of the two adjacent Al 2 O 3 rods, called lattice constant, is 3.5 mm, the normalized frequency region corresponds a range from 22.89 to 31.20 GHz. In principle, the TLPCs forbid the propagation of electromagnetic waves within these PBG frequency ranges but the waves can be confined to propagate in the PCW due to the photonic localization effect.
In millimeter wave band, the relationship between the transmission mode of a rectangular metal waveguide and its sizes is shown as in Fig. 4(a) . For the size a × b of rectangular waveguide given in Fig. 4(c) , it has a cutoff wavelength λ c for TE mn or TM mn modes described as following:
It shows that every normal wave represented for TE mn or TM mn modes has a corresponding cutoff wavelength λ c . The input electromagnetic wave with wavelength λ 0 < λ c can propagate in the waveguide. Fig. 4(a) shows that the rectangular waveguide operates in a single-mode state only when the wavelength of incident electromagnetic wave satisfies a < λ 0 < 2a. Here, it is also necessary to avoid the higher electromagnetic mode TE 01 (λ 0 > 2b), thereby to ensure that there is only the captain mode TE 10 in the waveguide.
Obviously, the designed PCW with height h and width w as shown in Fig. 4(b) is similar to rectangular waveguide with height b and width a as shown in Fig. 4(c) . Similarly, the condition (w < λ 0 < 2w and λ 0 > 2h) of single mode transmission must be satisfied in order to realize the single mode transmission in the PCW. If w = 2h, the transmission efficiencies' variation of the PCW with its sizes can be simulated at the interested frequency region from 24 to 28 GHz, as shown in Fig. 5 . In order to ensure that all electromagnetic waves in the frequency region meet the conditions of single mode propagation (w < λ 0 < 2w), the range of width for the PCW is calculated to be 6.25 mm < w < 10.7 mm (w = 2h).
As shown in Fig. 5 , the transmission efficiency of the PCW increases with its width w and height h. When w > 6.9 mm, all the transmission efficiencies of the electromagnetic waves with frequencies from 24 to 28 GHz are above -1dB (about 79.43%). When w > 7.5 mm, the electromagnetic wave' transmission efficiency at 26 GHz is greater than those at 24, 25 and 28 GHz, but smaller than that at 27 GHz. When w > 8.2 mm, the transmission efficiency of the electromagnetic wave at 26 GHz is greater than those at other frequency VOLUME 7, 2019 FIGURE 5. The transmission efficiencies' variation of PCW with its sizes at different frequencies. bands. Therefore, the size of the PCW can be reasonably designed in engineering according to the above relations when the operating frequency band is given in advance.
As we know, the size of WR34 is 8.64 × 4.32 mm 2 , which is the current standard rectangular waveguide's size at K-Ka band. Accordingly, the PCW is designed in accordance with WR34 for easy measurement and comparison. The transmission efficiency's variation of the designed PCW with frequency is simulated as shown in Fig. 6 . The inserting two figures of electromagnetic field distribution in the waveguide are surface distribution (left) and volume distribution (right) respectively. The optimal transmission efficiency is up to 92.43% (−0.295dB) at the central frequency of 26.10 GHz. From 21.60 GHz to 31.90 GHz, the PCW keeps its transmission efficiency above −3 dB. The relative bandwidth is about 38.50%. These data show that the designed PCW has ultrawideband and high transmission characteristics.
In Fig. 7 , the transmission characteristics of the PCW and the electromagnetic field propagation with different frequencies are simulated by finite element method (FEM). The calculated region is divided into 100,000 grid cells and the boundary condition is set for Perfect Electric Conductor. The numerical results show that the electromagnetic waves 
C. PROPERTIES OF THE GYROMAGNETIC FERRITE
The propagation direction of the electromagnetic waves is deflected in the circulator, which is mainly attributed to the gyromagnetic properties of the central ferrite posts. In the millimeter wave band, the gyromagnetic property of ferrite post magnetized in z-direction can be represented with the permeability tensor [26] :
The elements µ and κ can be expressed as
and
Here ω 0 = µ 0 γ H 0 and ω m = µ 0 γ M s . H 0 is the bias magnetic field, while γ = 1.759 × 10 11 C/kg and M s = 2.39 × 10 5 A/m, which stand for gyromagnetic ratio and saturation magnetization, respectively.
Usually, the central frequency and bandwidth of a ferrite circulator are designed by following formula [27] :
which describes the approximate relationship between the size, relatively permittivity and frequency of a ferrite cylindrical resonator. Here, R is the radius of the central ferrite with height l f , while ε r = 13.5 is the Ni-Zn ferrite's relatively permittivity. x, about 2.2 here, is a compromise value in [27] , to insure a appropriate size of the central ferrite posts for the double Y-shaped passage of circulator. In that way, the size of the central ferrite posts can be designed according to a given central frequency. The operating frequency of our circulator is preferentially designed to be 26.10 GHz that is in conformance with central frequency of the PCW in section B. According to eqn. 5, the ferrite post's radius R is computed to be 1.6 mm with the height l f = 3.2 mm.
D. BAND BROADENING OF MPC CIRCULATOR
In this section, the bandwidth of the MPC circulator is numerically studied based on the ultra-wideband PCW and gyromagnetic ferrite posts described in the previous sections. The structural parameters of the PCW and ferrite posts are same with those mentioned above. The numerical model of the MPC circulator is designed as shown in Fig. 8(a) . In order to broaden the bandwidth of the designed MPC circulator, four triangular aluminum pedestals are put at the center of the junctions in the double Y-shaped PCW to constitute an impedance matching transformer as shown in the transparent view. The matching transformer with appropriate size and position can realize simultaneous matching of all ports for the circulator. This method of placing metal pedestals with symmetrical shape in the symmetrical position of the waveguide's junctions is usually used in waveguide circulator for band broadening [24] , [25] 
where ε is a constant, while ω is the frequency of incident electromagnetic wave and E is electric field intensity. The computing area includes about 1.06 million grid cells, which is surrounded with scattering boundary condition (SBC).
In Fig. 8(a) , the four ports of the designed circulator are expressed as Port 1, 2, 3 and 4. When Port 1 acts as the input port, the isolation and insertion loss for the designed circulator are calculated at the frequency region from 18 to 32 GHz as shown in Fig. 9(a) . The variation of insertion loss from port 1 to port 2 for the MPC circulator with frequency is represent as S 21 , which is low to 0.42 dB at 26.10 GHz. For port 3 to port 1, the optimal isolation is 46.14 dB at 24.71 GHz and the bandwidth of the circulator cover from 23.66 to 28.63 GHz with its isolation below 20 dB. For port 4 to port 1, the optimal isolation is 48.60 dB at 26.40 GHz and the bandwidth of the circulator is from 24.40 to 27.28 GHz. The distribution situation of electromagnetic wave's power in the circulator is simulated at 26.10 GHz, as shown in Fig. 8(b) . It is obvious that the propagation direction of signal arises a 120 • rotation at the first ferrite region and rotates 120 • again at the second ferrite region with the action of the bias magnetic field H 0 = 376.99 mT. So the function of the double Y-shaped MPC circulator is realized that the signal is transmitted stably from port 1 to port 2 while port 3 and port 4 are isolated.
When the electromagnetic waves are launched from Port 2 and circularly propagate to the Port 3, the other two posts 1 and 4 are isolated as shown in Fig. 8(c) . In Fig. 9(b) , the isolations of the MPC circulator reach 74.86 dB at 25.10 GHz for port 1 to port 2 and 43.10 dB at 24.80 GHz for port 4 to port 2, respectively. The insertion loss of the circulator is low to 0.38 dB at the central frequency of 26.10 GHz and the electromagnetic wave's distribution situation is also simulated as shown in Fig. 8(c) .
Significantly, the relative bandwidth of the circulator is broadening to be 28.48% with frequency region from 21.80 to 29.04 GHz in the numerical simulation as shown in Fig. 9(b) , which demonstrate that our designed MPC circulator's performance can reach the ultra-wideband level. Due to placing suitable metal pedestals described above in the double Y-shaped waveguide's junctions can realize the perfect matching for the MPC circulator. When the external circle's radius and thickness of the triangular pedestals are optimized to 5 mm and 0.9 mm respectively, the port 2 of the circulator has almost no reflection at 26.10 GHz as shown in Fig. 10 . The numerical results show that the signals propagate circularly and stably in the designed circulator which has ultra-wideband performance.
E. QUANTITATIVE ANALYSIS WITH THE BANDWIDTH
Taking the second transmission path in Fig.8(b) as an example, the bandwidth of the circulator changes obviously when the radius of the central ferrite post is different, as shown in Figs. 11 and 12 . When the radius of the central ferrite post slightly deviated from 1.60 mm to 1.58 or 1.62 mm, the three curves of insertion loss for the circulator are basically coinciding with each other but there is a slight movement for the bandwidth, as shown in Fig. 11 . As the radius R decreases to be 1.58 mm, the curves (S 42 and S 12 ) of spectral isolation assume a blue shift. The frequency regions of bandwidth (isolation above 20 dB) shift to be 24.00 to 28.80 GHz (S 42 ) and 21.80 to 29.00 GHz (S 12 ), while the relative bandwidths have barely changed.
As the radius R increases to be 1.62 mm, the curves (S 42 and S 12 ) of spectral isolation assume a red shift. The frequency regions of bandwidth (isolation above 20 dB) shift to be 23.50 to 28.20 GHz (S 42 ) and 21.80 to 29.00 GHz (S 12 ), while the relative bandwidths almost no change.
When the radius of the central ferrite post deviates from 1.60 mm to 1.50 or 1.70 mm, the variation trend of the three curves for insertion loss (S 32 ) are still consistent with each other, as shown in Fig. 12 , but the curves of the circulator's isolation assume biggish change. As the radius R decreases to be 1.50 mm or increases to be 1.70 mm, the isolation's blue or red shift still appears and all the isolations have a sharp degradation. The isolations between port 4 and port 2 (S 42 ) are even below 20 dB in our interesting frequency region of 24.00 to 28.00 GHz, thus there has no bandwidth for the designed circulator.
When the radius R 1 of the triangle pedestals deviates from 5.00 mm to 4.50 or 5.50 mm, the five curves of insertion loss (S 32 ) for the circulator are still coinciding with each other, as shown in Fig. 13(a) . Whether the radius R 1 decreases or increases, all the circulator's isolations become worse and the bandwidth narrow down, while the reflection of the input port (S 22 ) gradually increase shown in Fig. 13(b) . This shows that the circulator's impedance matching deteriorate as the radius of the pedestals deviates from 5.00 mm. When R 1 is 4.50 mm or 5.50 mm, the isolation between port 4 and port 2 (S 42 ) is even below 20 dB at some frequencies. Observingly, there has no red or blue shift of the spectral isolation when the radius of the triangle pedestals changes.
In discussion, on the one hand, the radius of the central ferrite posts obviously affects the bandwidth and isolation of the designed circulator in above numerical simulation. The blue or red shift of the bandwidth perfectly accord with eqn. (5) which describes the relationship between the resonance frequency and the size of the cylindrical resonator in a ferrite circulator. Moreover, the size of the ferrite posts also affects the circulator's impedance matching through observing the isolations' sharp degradation in Fig. 12 . On the other hand, we observe that the changing radius of the triangle pedestals also has great influence on the isolation and bandwidth, but there has no red or blue shift of the spectral isolation. It means that the pedestals' function is mainly impedance matching but almost unaffected the resonance frequency for the circulator. Additionally, the size of the PCs waveguide obviously affect the transmission efficiency of PCs transmission line, whose optimal size has been used in the design of the magnetophotonic crystal circulator through the detailed analysis in section B above.
III. EXPERIMENTAL VERIFICATIONS A. EXPERIMANTAL VERIFICATIONS OF PBG AND PCW
Before verifying the MPC circulator, the designed PCW with ultra-wide PBG needs to be verified by experiments firstly. In order to validate the aforementioned numerical results of TLPCs and PCW, the experiments are carried out at K-Ka band within the frequency range of 18∼32 GHz by using an Agilent E8361C vector network analyzer. The detailed structural parameters of the PCW sample are given in section B above, as shown in Fig. 2 . The size of flange ports is 8.64 × 4.32 mm 2 . The rubber plate absorbing materials with thickness 0.8mm are set around the Al 2 O 3 rods arrays to absorb noise in the rectangular aluminous waveguide. The normal incident reflection coefficient of the absorbing materials is less than −20 dB from 18 to 35 GHz. In the experiments, the parameter S 11 represents logarithmic value of the ratio of the reflected power to the input power of the Port 1. And the parameter S 21 represents logarithmic value of the ratio of the transmission power of the Port 2 from the input power of the Port 1. Similarly, S 12 and S 22 represent the transmission and reflection characteristics of the Port 2. In the classical measurement of the network analyzer, the S parameters are respectively expressed as follows:
where, P 1 and P 2 are the input power of the Port 1 and 2. P R1 and P R2 are the reflected power of Port 1 and 2. P 21 is the transmission power from Port 1 to Port 2, and P 12 is the transmission power from Port 2 to Port 1. When the insertion loss of the electric cable is ignored, the loss α 1 of the SMA connectors and waveguide to coaxial converters shall be α 1 = S 21 ≈ S 12 = 10 lg P 21/12 /P 1 .
As shown in Fig. 14(b) , α 1 has been measured with the setup in Fig. 14(a) , which are −0.57 dB, −0.50 dB or −0.51 dB at 26.10 GHz, 23.39 GHz or 31.23 GHz.
The reflection coefficient β of the PCs is expressed as follows: (12) which is 91.41% (−0.96dB + 0.57dB) at 26.10 GHz measured in Fig. 14(c) as shown in Fig. 14(d) . The measured PBG in the region from 21.99 to 29.15 GHz (β > −3dB) matches well with the numerical result in section B above in Fig. 3 .
Furthermore, the transmission efficiency η of the PCW is η = S 21/12 − α 1 = 10 lg P 21/12 /P 1/2 − α 1 ,
whose variation with frequency as shown in Fig. 14(f) . The experimental results show that: at the central frequency of 26.10 GHz, the measured η is up to 90.78% (−0.42 dB); while the bandwidth (η > −3dB) is about 7.84 GHz with frequency region from 23.39 to 31.23 GHz that matches well with the numerical calculations in Fig. 6 . The confirmatory experiments demonstrate that the designed PCW has an ultrawide operating bandwidth (the relative bandwidth is 28.71%) with its peak transmission efficiency higher than 90%.
B. FABRICATION AND EXPERIMANTAL VERIFICATIONS OF DOUBLE Y-SHAPED MPC CIRCULATOR
The sectional view of MPC circulator sample and the experimental setups for validating the MPC circulator are shown in Fig. 15 . A precision-machined aluminum metal waveguide is used to fix the Al 2 O 3 rods, while the central ferrite posts and pedestals are glued to the baseplate as shown in Fig. 15(a) . The rubber plate absorbing materials mentioned above are also set around the Al 2 O 3 rods arrays to absorb noise in the rhombic aluminous waveguide. In Fig. 15(b) , the two ports of network analyzer link to the port 1 and 2 of the MPC circulator through two waveguides to coaxial converters and a pair of SMA connectors in order to measure the transmission characteristics between the circulator's port If the insertion loss from the electric cables is ignored, the insertion loss α 21 and the isolation τ 12 of the circulator shall be:
When signal is input into Port 1 of the circulator, its power is transmitted almost entirely to Port 2. When the ferrite posts are fully magnetized by NdFeB permanent magnets, the insertion loss and isolation are measured at the frequency region of 18 to 32 GHz, as shown in Fig. 16(a) . The lowest insertion loss α 21 is 1.41 dB (1.98 -0.57dB) at 26.10 GHz, while the optimal isolation τ is 46.53 dB for port 4 to port 1. The bandwidth of the circulator covers from 24.21 to 28.18 GHz (the relative bandwidth is about 15.16%), which requires the isolation above 20 dB. Significantly, the measured bandwidth of the circulator under this transmission path, agree with the numerical value in Fig. 9(a) . However, there are three peak values both for the measured isolation's curves of port 4 and port 3 to port 1. The possible reason is that the electromagnetic waves launched from Port 1 need to pass through two ferrite regions with four ferrite posts to reach port 2. The incomplete symmetry of the ferrite posts' position lead the circulator's isolation to have more than three or even four peaks, which caused by the placement of the ferrite posts not accurate enough in the fabrication process.
Similarly, when signal is launched from port 2 of the circulator, the power is transmitted to port 3 and the other two ports are isolated. The measured insertion loss and isolation with frequency for the designed MPC circulator are shown in Fig. 16(b) . The lowest insertion loss α 32 is 0.80 dB (1.37 -0.57dB) at 26.10 GHz, while the optimal isolation τ is 47.61 dB at 25.55 GHz for port1 to port 2. The bandwidth of the circulator covers from 24.08 to 28.23 GHz (the relative bandwidth is about 15.87%), which also requires the isolation above 20 dB. Different from the above, there are only two peaks for the isolation because the electromagnetic waves just only need to pass one ferrite region (two ferrite posts) under this transmission path. Similar calculated results and experimental phenomena have been reported in the literature [28] .
Obviously, the relative bandwidth of the circulator in Fig. 16(b) is about 15.87% that only reaches wideband level in this experiment, but not up to the ultra-wideband level in Fig. 9 (b) in calculation. The possible reasons are as follows: on the one hand, the placement precision for the ferrite posts' position and triangular pedestal is not enough to achieve perfect impedance matching in the circulator sample, which leads to the experimental bandwidth narrower than the numerical result; on the other hand, the relative permittivity of the Al 2 O 3 rods is slight smaller than 9.2 in result the experimental bandwidth of the PCW in Fig. 14(f) is narrower than the calculated value in Fig. 6 , which indirectly affects the bandwidth of the MPC circulator.
From the measurement results in Fig. 16 , there are multiple dips in the isolation results indicating multiple modes or resonance are probably introduced inside the circulator which greatly increase its relative bandwidth. The physical mechanism for this great improvement of bandwidth is that the center frequencies of resonance of the four ferrite posts are slightly shifting each other and the frequencies are determined by machining accuracy of ferrite posts and their accuracy of the placement positions. The shifting each other may obtain multiple dips in the isolation results and the broadening of the bandwidth will degrade the isolation and insertion loss. The final overall results of the designed circulator' isolation in Fig. 16 is the superimposition of the different isolations from multiple resonances of different ferrite posts. The external matching broadening method mentioned in section D of part II based on the superimposition are widely applied for waveguide circulators' band broadening referring to [24] and [25] .
The designed plans in [13] and [14] do not consider the circulators' band broadening. Only one cylindrical resonator formed by one cylindrical ferrite is studied in their circulator's junctions but the impedance matching between the junction cavity and the ports of the circulators are not considered. So there is only one high peak of isolation for their circulators, which can reach to be 60dB above whether in simulation or experiment. But the relative bandwidth of their circulators' are both narrow.
IV. CONCLUSION
A novel four ports double Y-shaped MPC circulator with ultra-wideband is proposed and first fabricated at 5G millimeter waveband in this paper. Through the numerical simulation on the relationship between the transmission efficiency of the PCW with its size in 3-D model, the optimal PCW structure with high transmission efficiency 90.78% is designed and validated at K-Ka band. Based on the high transmission PCW and gyromagnetic ferrite posts, the relative bandwidth of the designed MPC circulator is broadened to be ultra-wideband level of 28.48% by using EMBM in the numerical simulations. Due to the fabrication precision and material's problem, the relative bandwidth of our circulator sample only achieves 15.87% in the corresponding experiments.
As to the MPC circulator scheme it should be noted that the process is relatively simple and the materials can be obtained easily. If the problems that affect the working bandwidth mentioned above can be properly solved in engineering, our designed scheme of MPC circulator with low loss and easy integration not only can reduce light intensity to avoid nonlinear effect for integrated optical circuit in optical waveband, but also has potential applications in 5G communication systems due to its ultra-wideband characteristic from 24 to 28 GHz. 
